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Relative stability of planar versus double-ring tubular isomers
−
of neutral and anionic boron cluster B20 and B20
Wei An, Satya Bulusu, Yi Gao, and X. C. Zenga兲
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588

共Received 13 January 2006; accepted 21 February 2006; published online 19 April 2006兲
High-level ab initio molecular-orbital methods have been employed to determine the relative
stability among four neutral and anionic B20 isomers, particularly the double-ring tubular isomer
versus three low-lying planar isomers. Calculations with the fourth-order Møller-Plessset
perturbation theory 关MP4共SDQ兲兴 and Dunning’s correlation consistent polarized valence triple zeta
basis set as well as with the coupled-cluster method including single, double, and noniteratively
perturbative triple excitations and the 6-311G共d兲 basis set show that the double-ring tubular isomer
is appreciably lower in energy than the three planar isomers and is thus likely the global minimum
of neutral B20 cluster. In contrast, calculations with the MP4共SDQ兲 level of theory and 6-311
+ G共d兲 basis set show that the double-ring anion isomer is appreciably higher in energy than two of
−
the three planar isomers. In addition, the temperature effects on the relative stability of both 10B20
11 −
and B20 anion isomers are examined using the density-functional theory. It is found that the three
planar anion isomers become increasingly more stable than the double-ring isomer with increasing
the temperature. These results are consistent with the previous conclusion based on a joint
experimental/simulated anion photoelectron spectroscopy study 关B. Kiran et al., Proc. Natl. Acad.
Sci. U.S.A. 102, 961 共2005兲兴, that is, the double-ring anion isomer is notably absent from the
experimental spectra. The high stability of the double-ring neutral isomer of B20 can be attributed
in part to the strong aromaticity as charaterized by its large negative nucleus-independent chemical
shift. The high-level ab initio calculations suggest that the planar-to-tubular structural transition
−
for the anion clusters.
starts at B20 for neutral clusters but should occur beyond the size of B20
© 2006 American Institute of Physics. 关DOI: 10.1063/1.2187003兴
I. INTRODUCTION

Boron, the first light element of group IIIA with one p
valence electron, is known as a semiconductor element. Because of its short covalent radius, electron deficiency, and sp2
hybridization of the valence electron, boron tends to form
strong and directional covalent bond with other elements. As
a consequence, boron can form diverse nanostructures. So
far, four topological forms of nanostructures, including quasiplanar, tubular, convex, and spherical, have been
identified.1–3 As an intermediate regime between an atom and
bulk phase, it is well known that nanoscale materials can
exhibit novel structures whose physical, chemical, and electronic properties can be remarkably different from those of
their bulk counterparts. Examples include atomic clusters
and nanotubes of carbon, silicon, and gold.4–6
Bulk boron has demonstrated some of interesting chemical versatility compared to its neighboring elements, such as
a very high melting point of 2349 K 共nearly 700 K higher
than that of silicon兲, a hardness close to diamond but very
low density, and electronically semiconducting. These remarkable properties lead boron to potentially important applications such as high-temperature semiconductors,7
superconductor,8 and high-energy density fuels.9,10 Over
the past few years, boron nanostructures have been extena兲
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sively
investigated
both
theoretically1–3,11–21
and
14–17
experimentally.
The growing research interests are
largely driven by the technological challenges of miniaturization of electronic devices. Functioning as building blocks
for self-assembled material, boron nanostructures can have
potential applications in high-performance nanoscale devices.
Bulk boron exists in amorphous phase, as well as in ␣and ␤-rhombohedral and ␣-tetragonal forms with unit cells
all containing three-dimensional 共3D兲 B12 icosahedra.22,23 In
contrast, two-dimensional 共2D兲 planar and quasiplanar structures are the most stable structures of Bn clusters in the
size range of 3 艋 n 艋 18.2,11–17 Recently, a combined
experimental/simulated photoelectron spectroscopy study
suggests that a planar-to-tubular structural transition is likely
to occur at n = 20 共Ref. 17兲 and beyond n = 20, 3D Bn clusters
become the energetically more stable structure.18,19 A better
understanding of the structural evolution of atomic clusters
will provide more insight into the growth pathway from individual atoms to solid-state material of an element. However, due to high reactivity of small-sized atomic clusters
共probably existing only in gas-phase molecule beam兲 and the
difficulties associated with numerical experimental techniques, addressing this issue has always been a challenging
task.
In the previous study,17 we performed an unbiased
global-minimum search combined with density-functional
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theory 共DFT兲 calculations to seek the most stable structure of
neutral B20 cluster. We showed that the double-ring tubular
B20 isomer is the global minimum on basis of the DFT cal−
anion isomer
culations, and that the double-ring tubular B20
is isoenergetic with two quasiplanar structures. We concluded that the threshold of 2D-to-3D transition occurs at n
= 20 for the neutral boron clusters. On the other hand, the
simulated anion photoelectron spectroscopy 共PES兲 of the
−
was found not matching the measured PES,
double-ring B20
−
isomer is unlikely to be
suggesting that the double-ring B20
the most stable anion structure, at least under the experimental conditions 共above the room temperature兲.17 This apparent
inconsistency between the theoretical prediction on the structure of neutral cluster 共at 0 K兲 and the experimental measurement of the anion cluster 共at elevated temperatures兲 calls for
more studies.
In this work, we will 共1兲 reexamine the relative stability
of the four low-lying, both neutral and anionic, B20 isomers
共as studied in Ref. 17; see Fig. 1兲 by using high-level ab
initio molecular-orbital methods with reasonably large basis
sets; 共2兲 evaluate temperature effects on the relative stability
of the four low-lying anionic isomers; and 共3兲 investigate the
aromaticity of the double-ring structure of the neutral B20.
II. THEORETICAL METHODS

All calculations were performed using Gaussian 03, Revision C.02 package.24 For neutral clusters, full geometry optimizations were performed using the second-order MøllerPlesset perturbation theory25,26 共MP2兲 method as well as
DFT methods in generalized gradient approximations
共GGAs兲 with two hybrid exchange-correlation functionals,
namely, B3LYP 共Ref. 27兲 and PBE1PBE,28 and a recently
developed hybrid metafunctional TPSS1KCIS.29 A modest
cc-pVDZ basis set30 关Dunning’s correlation consistent polarized valence double zeta, contracted 关3s2p兴 plus polarization
set 共1d兲兴 was chosen with the MP2 method and a large ccpVTZ basis set30 关Dunning’s correlation consistent polarized
valence triple zeta, contracted 关4s3p兴 plus polarization set
共2d1f兲兴 with DFTs. Next, the harmonic vibrationalfrequency analyses were carried out to assure that the optimized structures give no imaginary frequencies. To determine the energy ordering, several high-level ab initio
molecular-orbital methods were employed to calculate
single-point energies of the four neutral isomers with the
optimized structures at the MP2/cc-pVDZ level of theory:
共1兲 the fourth-order Møller-Plesset perturbation theory31
共MP4兲 with cc-pVTZ basis set for neutral isomers; 共2兲 a
coupled-cluster32 method at the CCSD共T1Diag兲/6-311G共d兲
level of theory 共to examine possible multireference quality
for the top-two lowest-energy isomers兲; and 共3兲 the coupledcluster method including single, double, and noniteratively
perturbative triple excitations at the CCSD共T兲/6-311G共d兲
level of theory.
For anion clusters, full geometry optimizations were performed using the DFT methods with the B3LYP and
PBE1PBE functionals and the Pople-type 6-311+ G共d兲 basis
−
isomers as a
set. Gibbs free energies of the four anionic B20
function of temperature 共from 0.5 K to 2000 K兲 were calcu-
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FIG. 1. The double-ring tubular 共1兲 and three planar low-lying isomers 共2兲,
共3兲, and 共4兲 of the neutral B20 cluster.

lated at the PBE1PBE/6-311+ G共d兲 level of theory. Lastly, an
analysis of molecular-orbital nucleus-independent chemical
shifts33 共MO-NICSs兲 with the canonical molecular-orbital
共CMO兲 method 共built in the NBO 5.0 program兲34 was undertaken 关at the PBE1PBE/6-311+ G共d兲 and B3LYP/
6-311+ G共d兲 levels of theory, respectively兴 to investigate
aromaticity of the neutral tubular B20 cluster.
III. RESULTS AND DISCUSSIONS
A. Relative stability among the four neutral isomers
at 0 K

Relative stability 共or energy ordering兲 among low-lying
isomers is an important index to characterize a molecular or
cluster system. Searching for the low-lying minima on the
potential-energy surface for atomic structures is of fundamental importance to cluster physics and chemistry. There
has been particular interest in locating the global minimum at
0 K, since the growth pathway of atomic structures is likely
related to the global-minimum structures. As a result of a
global search combined with DFT calculations, the doublering tubular structure of B20 共Fig. 1兲 was identified as the
leading candidate for the global minimum.17 Later, Marques
and Botti20 also performed DFT calculations using the PBE
exchange-correlation functional and confirmed that the
double-ring tubular structure of B20 is the lowest-energy isomer, although the energy ordering among other low-lying
isomers differs from ours derived from the B3LYP functional. The disparities in the energy ordering obtained from
the two different functionals have been reported for many
cluster systems, for example, carbon clusters and silicon
clusters.35 A more accurate energy ordering can be obtained
via high-level ab initio methods, such as the MP4, coupledcluster 共CC兲,32,36 or configuration interaction 共CI兲 method.37
However, the computational costs for these ab initio methods
increase rapidly with the numbers of basis functions, which
is directly related to the size of a molecular system and the
number of electrons involved.
First, we employed the MP4 method together with a
large basis set 共cc-pVTZ兲 to calculate the single-point energy
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TABLE I. Calculated relative energy 共in eV兲 of the three planar neutral B20 isomers 共2兲, 共3兲, and 共4兲 with
respect to the double-ring isomer 共1兲 at various levels of theory.
Method
MP4(SDQ)/cc-pVTZ//MP2/cc-pVDZ
CCSD共T1Diag兲 / 6-311G共d兲 //MP2 / cc-pVDZ
CCSD(T) / 6-311G(d) //MP2 / cc-pVDZ
PBE1PBE/cc-pVTZ
TPSS1KCIS/cc-pVTZ
B3LYP/cc-pVTZ

for the four neutral B20 isomers 共Fig. 1兲 optimized at the
MP2/cc-pVDZ level. As shown in Table I, the energy ordering derived from the MP4共SDQ兲/cc-pVTZ//MP2/cc-pVDZ
calculation confirms that the double-ring structure 1 of B20
has the lowest energy among the four isomers considered,
followed by 3 共0.20 eV higher in energy兲, 4 共0.32 eV兲, and 2
共0.52 eV兲. Next, single-point energy calculations at the
CCSD共T1Diag兲/6-311G共d兲//MP2/cc-pVDZ level of theory
were performed to examine possible multireference character
of the two lowest-energy structures, i.e., 1 and 3. The isomer
1 yields a T1 diagnostic value of 0.014, while 3 yields a
larger value of 0.022. A T1 value of 0.02 or greater indicates
certain degree of multireference character for the molecular
system and thus the energy calculation based on singlereference electron correlation methods may not be fully
reliable.38 In this case, the more accurate multireference CI
共MRCI兲 method would be a better choice to determine the
relative stability between 1 and 3. However, it is not feasible
with our current computer capability to perform such calculations for a medium-sized molecular system like B20. Instead, we employed CCSD共T兲 共Ref. 36兲 method to further
examine the energy ordering as the CCSD共T兲 calculation is
an efficient MRCI approximation, and yet it is affordable to
handle the B20 cluster. As shown in Table I, the CCSD共T兲/
6-311G共d兲 calculation again confirms that the tubular 1 is
energetically the most stable structure followed by 3, 4, and
2 with 0.46, 0.53, and 0.70 eV higher in energy than 1, respectively. In Table I, the energy orderings given by
PBE1PBE/cc-pVTZ, B3LYP/cc-pVTZ, and TPSS1KCIS/ccpVTZ DFT calculations are also listed for comparison. It is
interesting to note that the energy ordering based on the
PBE1PBE functional agrees well with that based on the MP4
and CCSD共T兲 calculations. Similar conclusion was also reported for the carbon cluster C20.35
On the experimental side, however, neutral B20 has yet
to be synthesized. The anion PES is a reliable experimental
protocol to characterize highly reactive atomic clusters17
which are usually observed in anionic or cationic state in

1共D10d兲

2共Cs兲

3共C1兲

4共Cs兲

0.00
0.00
0.00
0.00
0.00
0.00

0.52
¯
0.70
0.96
0.84
1.00

0.20
0.69
0.46
0.66
0.66
0.84

0.32
¯
0.53
0.80
0.82
1.01

−
the gas phase. For the four anionic B20
isomers, we calculated their single-point energy using MP4共SDQ兲/6-311
+ G共d兲//PBE1PBE/6-311+ G共d兲 level of theory. Interestingly,
the energy ordering among the anions is opposite to the ordering among their neutral counterparts 共see Table II兲, with 4
共−0.59 eV兲 ⬍3共−0.51 eV兲 ⬍2共−0.01 eV兲 ⬍1共0.00 eV兲. In
particular, the two planar isomers 4 and 3 are appreciably
lower in energy than the double-ring isomer 1; the planar 2 is
isoenergetic with 1. This energy ordering for the anion isomers supports the conclusion made from previous
experimental/simulated PES study in that because the
double-ring anion isomer 1 is not observed in the measured
PES spectra, the most stable anion structures are still the
planar isomers.17 The energy orderings obtained from
PBE1PBE/6-311+ G共d兲 and B3LYP/6-311+ G共d兲 calculations are also listed in Table II for comparison. Again, the
PBE1PBE functional yields more consistent energy ordering
than the B3LYP functional, in comparison with the MP4
results.

B. Temperature effects on free-energy ordering

In reality, the PES measurements were performed with
−
共99.75%兲 isotopic anions at temperatures above
the 10B20
300 K 共and maybe up to 700 K兲.17 To assess the temperature
effects on the relative stability among the four low-lying anionic isomers, we performed a thermochemical analysis for
−
−
anionic isomers, as well as for 11B20
共the most
the 10B20
abundant form of boron in nature兲. The equations required
for the themochemical analysis were described elsewhere.35
In Fig. 2, we plot relative free energies as a function of
temperature 共from 0.5 to 2000 K兲, which were calculated
based on the PBE1PBE/6-311+ G共d兲 level of theory for the
four low-lying anionic isomers. The calculations show that
the planar isomers 2, 3, and 4 become increasingly stable
than the double-ring isomer 1 as temperature increases. It
appears that the entropy contribution to the free energy favors the 2D planar structure over the 3D double-ring struc-

TABLE II. Calculated relative energy 共in eV兲 of the three planar anionic B−20 isomers with respect to the
double-ring isomer at the three levels of theory. The boldfaced energy values highlight those planar isomers
with lower energy than the double-ring isomer.
Method
MP4(SDQ) / 6-311+ G(d) //PBE1PBE/ 6-311+ G(d)
PBE1PBE/ 6-311+ G共d兲
B3LYP/ 6-311+ G共d兲

1共C2v兲

2共Cs兲

3共C1兲

4共Cs兲

0.00
0.00
0.00

−0.01
0.11
0.13

−0.51
−0.05
0.16

−0.59
0.02
0.28
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FIG. 3. Simulated anion photoelectron spectra for 共a兲 3 and 共b兲 4. The
spectra were constructed by fitting each of the vertical detachment transitions with a Gaussian of 0.05 eV width. BE denotes the binding energy
共in eV兲.

FIG. 2. The relative Gibbs free-energy as a function of temperature for 共a兲
10 −
B20 and 共b兲 11B−20 isomers. The free energies are plotted with respect to that
of 1 共0 eV line: 1, 䊐; 2, 䉯; 3, 䊊; 4兲.

ture at elevated temperatures. In particular, the free energy of
2 and 4 decreases more rapidly than 3 as the temperature
increases. Note that 2 and 4 have the Cs symmetry whereas 3
exhibits the C1 symmetry. The double-ring anion structure 1
distorts from D10d to C2v symmetry due to the extra electron,
a manifestation of the first-order Jahn-Teller effects on the
anion of 1. There is a crossover temperature 共⬃900 K兲 be−
−
but not for the isotope 10B20
, inditween 2 and 4 for 11B20
cating the importance of isotope effects on the thermochemical analysis. Regardless of the boron isotopes, the DFT
results 共Fig. 2兲 indicate that the planar isomers 3 and 4 are
always more stable than 1 at elevated temperatures. If the
thermochemical analysis were based on the MP4 energies,
all the three planar structures would be much lower in energy
than 1 at elevated temperatures. In summary, the planar iso−
population at elevated
mers are likely to dominate the 10B20
temperatures, consistent with the observation that the measured PES spectra stem entirely from the planar isomers.
In the previous study,17 the structure 3 was identified to
match the peaks of the measured PES spectra, and 2 was
identified as a secondary isomer to match the measured spectra. The isomer 4 was not considered since the calculation
with the B3LYP functional suggested that 4 has the highest
energy among the four isomers 共Table II兲. The present MP4
calculation as well as the study of temperature effects with
the PBE1PBE functional indicates that the planar isomer 4
can be as significant as the isomer 3 in matching the measured PES spectra. In Fig. 3, we present the simulated PES
spectra for 3 and 4 using PBE1PBE/6-311+ G共d兲 level of
theory. Indeed, the structure 4 gives an excellent match with
the measured vertical detachment energy 共VDE兲 and adiabatic detachment energy 共ADE兲, as well as the measured
energy gap between the first and second peaks.17
C. Aromaticity of double-ring tubular structure of B20

As discussed in Sec. III A, the double-ring tubular structure of neutral B20 is notably more stable than the three planar isomers. This result prompts us to further investigate its
chemical origin such as the aromaticity. It is known that for

n ⬍ 16, the 2D planar and quasiplanar geometries of boron
clusters Bn are overwhelmingly stable.2,11–17 Such strong stability is attributed in part to the intrinsic strong aromaticity
of the planar boron clusters.12,15,16,24 If the B20 cluster assumes the double-ring tubular geometry as the globalminimum, strong cylindrical aromaticity may be expected in
the tubular geometry.
The NICSs can be used as an aromaticity indicator.33 A
large negative or positive NICS value at positions with little
electron density indicates strong aromaticity or antiaromaticity. In general, the Hückel 4N + 2 rule can be applied to
simple cyclic aromaticity, whereas the Hirsch’s 2共N + 1兲2 rule
can be related to the spherical/cylindrical aromaticity.39
However, the diversity of molecular geometries has made
aromaticity more complex than previously expected. Very
recently, one study showed that the Hückel 4N + 2 rule of
aromaticity may not be applicable to polycyclic  systems
such as the planar boron clusters.24
A full analysis of MO-NICS is important to the understanding of aromaticity of a polycyclic molecular system.40,41
We calculated MO-NICS at the center of the double-ring B20
isomer. In Table III, contributions from individual MO to the
magnetic shielding of a ghost atom at the center of the
double-ring B20 isomer are presented. Both PBE1PBE/6
-311G共d兲 and B3LYP/6-311G共d兲 levels of theory were used
to compute the MO-NICS values. It can be seen that there is
little difference between NICS values obtained from the two
functionals. The large negative NICS value of −40 for the
double-ring B20 compared to the smaller negative NICS
−
17
value for benzene 共−8.0兲, B2−
8 共−27.0兲, and B9 共−23.2兲
demonstrate the presence of strong  and  aromaticities
within the B20 structure. Note that the NICS value at the
position close to the nucleus would be much higher 共negative兲 than the value at the position away from the nucleus.
The distance between the ghost atom and 20 boron atoms in
the double-ring structure is about 2.7 Å 共the diameter of
double-ring tubular is 5.2 Å兲. The NICS values for the planar
−
clusters B2−
8 and B9 were calculated 0.5 Å above the center
of the molecular plane. Hence, considering the position dependence of NICS value, the aromaticity of the neutral tubular B20 cluster is even more pronounced. The neutral B20
cluster 1 with D10d symmetry has a closed electronic shell
with highly degenerate electronic configuration 共see Table
II兲. The MOs from No. 21 to 32 and those close to the highest occupied molecular orbital 共HOMO兲 from No. 42 to 48
constitute most of the diatropic contributions to aromaticity,
while MOs of Nos. 33, 34, 38 to 41, and HOMOs contribute
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TABLE III. Calculated CMO-NICS 共in ppm兲 for the neutral double-ring B20
cluster. The boldfaced values are discussed in the text.
MO

MO label

CMO-NICSa,b

CMO-NICSa,c

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
Total

a1
e1
e1
e2
e2
e2
e2
e1
e1
a1
e1
e1
a2
a1
e2
e2
a1
e2
e2
e1
e1
e1
e1
a1
e1
e1
e2
e2
e2
e2

−3.78
−4.21
−4.21
−3.95
−3.95
−3.00
−3.00
−1.81
−1.82
−3.85
−2.79
−2.79
2.51
2.51
−1.56
−1.56
−4.72
2.47
2.47
9.83
9.83
−1.85
−1.85
−4.72
−2.74
−2.74
−0.04
−0.03
0.35
0.34
−40.98

−3.92
−4.18
−4.18
−3.87
−3.87
−2.97
−2.97
−1.76
−1.76
−3.60
−2.60
−2.60
2.52
2.52
−1.50
−1.50
−4.79
2.41
2.41
9.67
9.67
−1.89
−1.89
−4.51
−2.64
−2.64
−0.18
−0.17
0.61
0.60
−39.86

a

Only MO-NICS艌 1.00 ppm listed except for HOMOs.
PBE1PBE/ 6-311+ G共d兲.
c
B3LYP/ 6-311+ G共d兲.
b

paratropically to aromoticity 共highlighted in boldface in
Table II兲. NICS is primarily determined by the motion of 
electrons; the N in both formula 4N + 2 and 2共N + 1兲2 represent the number of  electrons. However, contributions from
local circulations of electrons in  bonds, lone pairs, and
even atom cores cannot be neglected.42,43 In other words, the
entire molecular framework should be taken into account.
The sp2 hybridization, electron deficiency of boron in conjunction with the unique double-ring nuclear arrangement is
responsible for the strong aromaticity and high stability of
the neutral double-ring B20 cluster.
IV. CONCLUSIONS

We have studied relative stability among four low-lying
isomers of neutral and anionic B20 clusters. The MP4共SDQ兲
and CCSD共T兲 calculations yield the same energy ordering
for the neutral B20 isomers, and both calculations show that
the double-ring tubular structure 1 is the lowest-energy structure. In contrast, the MP4共SDQ兲 calculations show that the
planar 4 is the lowest-energy structure while 1 is the highest−
isomers. The
energy structure among the four anionic B20
trend of relative stability with increasing temperature for

−
−
both 10B20
and 11B20
isomers suggests that the planar isomers
−
population and the double4 and 3 likely dominate the 10B20
ring 1 is likely absent from the PES measurement. The good
match between the simulated and measured PESs based on
the isomers 4 and 3 reinforces the prediction based on the
energy calculations. The DFT calculations also show that the
neutral double-ring B20 isomer has a large negative NICS
value of −40, indicating that 1 is strongly aromatic. Regarding to the accuracy of various functionals, we found that the
PBE1PBE functional gives more consistent prediction on the
relative stability than the B3LYP functional, in comparison
with the high-level ab initio calculations. Finally, the highlevel ab initio calculations suggest that the planar-to-tubular
structural transition starts at B20 for neutral clusters, but
−
for the anion clusters.
should occur beyond the size of B20
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